Background: Fat grafts enriched with cells of the stromal vascular fraction (SVF), especially adipose-derived stromal cells (ASCs), exhibit significantly improved retention over non enriched, plain fat. Different types of liposuction cannulae may yield lipoaspirates with different subpopulations of cells. Moreover, preparation of adipose tissue for transplantation typically involves centrifugation, which creates a density gradient of fat. Objectives: The authors sought to determine whether liposuction with a barbed or smooth cannula altered the enrichment of the SVF, and specifically ASCs, in low-density (LD) and high-density (HD) fractions of centrifuged adipose tissue. Methods: Fat was harvested from 2 abdominal sites of 5 healthy women with a barbed or smooth multihole blunt-end cannula. After centrifugation, LD and HD fat fractions were digested with collagenase and analyzed by polychromatic flow cytometry to identify and enumerate distinct populations of cells. Results: Overall cell yield and the number of immune cells were consistently higher in HD fractions than in LD fractions, regardless of the cannula employed. More living cells, and specifically more ASCs, populated the HD fractions of lipoaspirates obtained with a barbed cannula than with a smooth cannula. Conclusions: In this study, lipoaspiration with a barbed cannula and isolation of the HD layer of centrifuged adipose tissue yielded maximal amounts of SVF cells, including ASCs.
delivery of fat, centrifugation of lipoaspirates, and sizing of the fat graft. 3 Coleman's method allowed for improved graft survival; however, graft retention rates continue to be variable, with 20% to 80% of fat resorbed. 3 Therefore, fat transplantation typically must be performed in succession to achieve and maintain favorable results. Fat-grafting techniques that increase the viability and retention of transplanted fat could reduce costs to patients and obviate additional surgical sessions.
Poor graft retention originally was ascribed to an insufficiency of intact adipocytes in the graft. 4 More recently, alternative causes of fat resorption have been suggested, including tissue ischemia and impaired vascularization of the fat graft. These causes underscore the importance of nonadipocyte cell populations that constitute adipose tissue. 5 Specifically, the stromal vascular fraction (SVF) plays a key role in tissue maintenance and healing 5 and comprises a heterogeneous population of multipotent mesenchymal cells (eg, adipose-derived stromal cells [ASCs] , endothelial progenitor cells (EPC), pericytes, and hematopoietic cells). ASCs are multipotent cells that differentiate along mesenchymal lineage pathways, including into adipocytes, and secrete a variety of growth factors. 6 ASCs facilitate long-lasting graft results by promoting regeneration of adipose tissue and angiogenesis in animal models [7] [8] [9] [10] [11] and clinical settings. [12] [13] [14] [15] [16] These cells reside in perivascular niches of interlobular septa, where they form a layer around pericytes and EPC. 17 Matsumoto et al 14 introduced cell-assisted lipotransfer as a means to optimize graft survival by enriching adipose tissue with purified autologous ASCs. Several procedures for ASC enrichment have been developed that apply either enzymatic digestion or mechanical disruption of the lipoaspirate to release and concentrate ASCs. In general, these enrichment procedures are time-consuming and expensive. Furthermore, techniques that involve tissue digestion and cell amplification in vitro must be submitted to rigorous safety analyses prior to regulatory approval. As a result, grafting with nonmanipulated fat is still the major clinical option.
Several investigators have demonstrated that the size of the liposuction cannula influences the concentration of ASCs in the resulting lipoaspirate. 18, 19 However, these authors employed cannulae that differed in diameter as well as in the number and dimensions of holes, rendering the results of these studies difficult to compare. After fat harvesting and before reinjection, lipoaspirates usually are centrifuged to concentrate fat and remove tumescent solution and oil from ruptured adipocytes. Centrifugation creates a gradient of fat densities, and several authors have found that different density fractions of centrifuged fat have different characteristics that may translate to disparate graft persistence. [20] [21] [22] [23] Centrifugation also redistributes ASCs into layers ranging from low density (LD) to high density (HD; ie, ASC-enriched). 24 However, an analysis of the distribution of other cell types following lipoaspirate centrifugation is lacking.
The aim of the current study was to investigate the distributions of specific cell types, including but not limited to ASCs, in the LD and HD layers of centrifuged fat harvested with a barbed or standard smooth blunt-end cannula. To quantify hematopoietic and nonhematopoietic cell populations in processed lipoaspirate, we developed a 9-color flow cytometry antibody panel.
METHODS

Patients and Study Design
Lipoaspirates from 5 women who underwent liposuction of the lower abdomen at the Istituto Dermopatico dell'Immacolata (Rome, Italy) from April 2014 to January 2015 were evaluated in an in vitro study. The study, conducted according to the Helsinki Declaration, received ethical approval from the Istituto Dermopatico dell'Immacolata, and all patients provided written informed consent. Patients with diabetes and patients who were current smokers were excluded from the study. Also excluded were patients with a body mass index (BMI) <25 kg/m 2 or >30 kg/m 2 or with a history of autoimmune pathology.
Surgical Procedures
Patients received local anesthesia by means of deep intravenous sedation with propofol. Antibiotic prophylaxis (cefodizime, 1 g) was administered intravenously 1 hour before surgery. Both sides of the lower abdomen were infiltrated with Klein solution (0.4 mg/mL lidocaine, 1:1,000,000 epinephrine, 12.5 mEq sodium bicarbonate; infiltrate:lipoaspirate volume, 1:1), and fat was harvested through a 50-mL syringe with a smooth cannula (Well Johnson, Tucson, AZ) on the right side and a barbed cannula (Ambro medica, Napoli, IT) on the left ( Figure 1A ,B). These cannulae had different outer surfaces, but they were the same in terms of diameter (3 mm), length (20 cm), and number of holes (12) .
Lipoaspirate Processing
Lipoaspirates were centrifuged at 1000 rpm for 3 minutes, and the resulting oil (upper layer) and aqueous (lower layer) fractions were discarded. Concentrated adipose tissue (middle layer) was subdivided into 3 equal fractions, corresponding to HD, medium-density, and LD layers ( Figure 1C ). The medium-density fraction was discarded, and the HD and LD fractions were analyzed within 24 hours. 25 Cell suspensions were washed twice to remove excess reagents and immediately were analyzed with a Cyan ADP high-performance flow cytometer (Beckman Coulter, Miami, FL) or a FACSAria I cell sorter (Beckton Dickinson, Franklin Lakes, NJ). Both instruments were equipped with comparable 3-laser excitation (violet, blue, and red) and emission filter setups. CompBeads (BD Biosciences, Franklin Lakes, NJ) stained with antibodies conjugated with a single fluorochrome were included to establish fluorescence compensation settings. CompBeads enable the calculation of a compensation matrix of spectral overlap values for subtraction of fluorescence spillover from single fluorochromes into nondedicated detectors.
Offline analysis of recorded data as flow cytometry standard (ie, FCS) files was performed with FlowJo software (TreeStar, Ashland, OR). Two steps were taken to minimize artifacts. Doublets, due to event coincidence or residual aggregates, were excluded by scatter analysis (ie, events with disproportionate forward-scattered light [FSC]-area/ FSC-height). In addition, dead cells were excluded from analysis by means of Zombie aqua staining. The live-cell gate was applied as a reference gate to calculate frequencies and absolute numbers of cells in specific populations with dual-platform method.
Statistical Analysis
Lipoaspirates from the same patient always were processed in parallel. Thus, a 2-tailed, paired t test was applied to ascertain significant differences among cell yields, frequencies, and absolute numbers per gram of tissue. Data were expressed as mean ± standard deviation (SD). Statistical significance was defined as P < 0.05.
RESULTS
Patients
The patients' mean age was 55. 
Cell Viabilities
Regardless of cannula type, more viable cells were detected in the HD fraction than in the LD fraction (P < 0.05, Figure 2 . The frequencies of living cells (ie, dimly stained with Zombie aqua), as assessed by flow cytometry, were not significantly different across cannulae or fractions (HD, smooth cannula, 79.5% ± 13%; LD, smooth cannula, 74.6% ± 17%; HD, barbed cannula, 72.4% ± 14.6%; LD, barbed cannula, 75.5% ± 16.3%; P > 0.05 for all comparisons).
Rationale for SVF Marker Panel
We developed a 9-color flow cytometry antibody panel to quantify 10 cell subpopulations, on the basis of surface markers (Table 2) , in HD and LD fractions. With progressive gating ( Figure 3A) , we identified 3 nonhematopoietic and 7 hematopoietic cell populations. Im- Figure 3A,B) . 16, 25 In preliminary experiments, we validated the pattern of surface markers expressed by ASCs, including CD34, CD31, CD146, and other known mesenchymal stem-cell markers (CD73, CD90, and CD44; data not shown).
Hematopoietic cells were analyzed with a progressive gating strategy ( Figure 3A , right side). HLA-DR, a class II major histocompatibility molecule expressed by professional antigen-presenting cells, and CD14 were detected to identify B cells (HLA-DR+ CD14-) and monocyte-derived myeloid cells (HLA-DR+ CD14+). A measurable increase in autofluorescence (AF; ie, fluorescence inherent to the cell) is a hallmark of monocyte differentiation into highly phagocytic cells and is thought to result from particulate ingestion. 27 We detected AF at 530 nm to discriminate CD14+ monocytes and dendritic cells (ie, 14+ MD; low AF) from macrophages (high AF).
Cells lacking HLA-DR surface expression demonstrated heterogeneous phenotypic features and comprised 4 subsets. In flow cytometry, side scatter (SS) of light correlates well with cell granularity. Therefore, we analyzed SS to differentiate granulocytes (high SS) from lymphocytes (low SS). The c-Kit/CD117 molecule is a receptor for stem-cell factor, a hematopoietic growth factor important for the development, maturation, and function of mast cells. 28 Therefore, we were able to distinguish granulocytes as CD117+ mast cells or CD117-neutrophils. Lymphocytes were subdivided on the basis of the T-cell marker CD3 as T cells (CD3+) or natural killer cells (CD3-).
The phenotypes of CD14+ cells were further examined with additional staining. Macrophages, and to a lesser extent 14+ MD, express CD206 ( Figure 3C , upper plots), a marker of trophic proregenerative phagocytes with antiinflammatory and vasculogenic potential. 29, 30 Neuropilin-1/ CD304 is a coreceptor for vascular endothelial growth factors involved in wound healing. 31 This marker was expressed by macrophages and 14+ MD ( Figure 3C , lower plots). These cells also expressed the highest levels of the endothelial marker CD31 (Figure 3D ), which also is expressed by hematopoietic cells involved in angiogenesis and repair. 32 
Cell Populations of the SVF
In accordance with the results of other investigators, 17, 26 we found that ASCs represented approximately 50% of SVF cells (Table 3 ). The number of ASCs was significantly larger in the HD fraction, regardless of the type of cannula employed for fat harvesting (P < 0.05) (Figure 4) . The numbers of ASCs were similar for the LD fractions from fat obtained with either cannula. However, a 2-fold increase in the number of ASCs was observed in the HD fraction vs the LD fraction when fat was collected with a barbed cannula (HD, [18. . HD fractions derived from fat collected with a barbed cannula contained (on average) 47% more ASCs than HD fractions collected with a smooth cannula (P < 0.05) (Figure 4 ). EPCs and pericytes also were detected among nonhematopoietic cells. However, no differences in these cell subpopulations were found across HD and LD fractions processed from fat obtained with either cannula type (P > 0.05 for all comparisons) ( Figure 5 ). We then investigated whether the higher concentration of ASCs in the HD fraction obtained with a barbed cannula could result from enhanced release of ASCs from the stromal network during lipoaspiration. The fluid portion and the cell pellet were isolated from centrifuged fat, filtered to eliminate tissue remnants, and directly stained for flow cytometry. Regardless of cannula type, the majority (>90%) of cells in the fluid and pellet portions were hematopoietic. ASCs were the only nonhematopoietic cell subset detectable, and their frequency was higher in the fluid and pellet derived from lipoaspiration with a barbed cannula (9% for barbed cannula vs 4% for smooth cannula) ( Figure 6 ). We suggest that barbed cannulae could mechanically dissociate ASCs from connective tissue, thereby yielding HD fractions with a higher frequency and concentration of ASCs.
The results of our quantitative assessment of hematopoietic cells (Figure 7 ) indicate that HD fractions contain a higher number of T cells and 14+ MD cells (P < 0.05) than cannula-matched LD fractions (P < 0.05). However, these cell types did not differentially populate lipoaspirates obtained with different cannulae (Figure 7A and 7C) . The relative frequencies of each cell population are depicted in Figure 8 and Table 3 .
DISCUSSION
ASCs play a key role in fat-graft maintenance and in healing by supplying adipocytes and stimulating vascularization. 33 We assessed the cellular composition of the SVF obtained after liposuction with a barbed or smooth cannula by polychromatic flow cytometry (ie, >8-fluorescence channels). Other investigators have analyzed the SVF with multicolor flow cytometry (ie, 3-8 fluorescence channels) 34 or with antibody panels specific for hematopoietic or nonhematopoietic populations. 17, 26, 35 We utilized cannulae that differ in surface texture but are identical in terms of length, diameter, and number of holes. We reasoned that barbed cannulae might collect the SVF more effectively and enable higher ASC yield. We pro- cessed lipoaspirates by centrifugation and analyzed the cellular compositions of HD and LD fractions separately. Centrifugation is a typical step in fat processing prior to transplantation, and several authors have suggested that different fractions may give rise to fat grafts with different viabilities and resorption rates. We found that the viable cell yield per gram of fat tissue was only moderately influenced by cannula type and was larger in the HD than the LD fraction. Moreover, the frequencies of living cells in the SVF, as assessed by flow cytometry, did not differ significantly by cannula type or density fraction. Our results are consistent with those of Trivisonno et al 19 and suggest that barbed cannulae do not reduce cell viability of the SVF, despite the greater shear forces applied by this instrument. We found that ASCs, which constituted approximately 50% of total cells of the SVF, were enriched in the HD fraction by 50% compared with the LD fraction, regardless of cannula type. However, lipoaspiration by a barbed cannula yielded fat with 47% more ASCs in the HD fraction, compared with lipoaspiration by a smooth cannula. Our results are consistent with those of other investigators [20] [21] [22] [23] [24] and support that progenitor cells are concentrated in HD fractions of processed lipoaspirates, as evidenced by an increase in stem-cell markers. Therefore, when a large quantity of fat can be harvested for autologous transfer, centrifugation is sufficient to yield an ASC-enriched fat graft with potentially superior regenerative capacity.
Few authors have proposed modifications to fat-grafting procedures with the aim of enriching ASCs. 19, 36, 37 Trivisonno et al 19 sought to determine whether the inner diameter of the cannula is a predictor of the extent of SVF and ASCs collected. These authors performed liposuction with either a 3-mm blunt-tip cannula with 1 port (3 mm × 9 mm) or a 2-mm blunt-tip microcannula with 5 ports (1 mm × 1 mm). Lipoaspiration with the microcannula yielded significantly more ASCs (2-mm cannula, 2.91 × 10 5 ± 6.87 × 10 4 cells per gram; 3-mm cannula, 1.38 × 10 5 ± 3.28 × 10 4 cells per gram). 19 Trivisonno et al 19 compared cannulae that differed not only in diameter but also in the number of holes; therefore, their findings of ASC enrichment could not be attributed to a specific feature of the microcannula. Moreover, cannula diameter can influence how the surgeon positions the cannula during liposuction: an instrument of small diameter may be preferentially oriented toward superficial fat layers, whereas a larger cannula may be placed toward deeper fat layers. The specific orientation of the cannula also may affect the number of ASCs collected, because SVF is more concentrated in superficial fat. 36 Consistent with other authors, 13, 22, 23, 37 we detected ASCs in the fluid and pellet portions of centrifuged lipoaspirates. Higher percentages of ASCs were observed in the fluid and pellet portions of fat obtained with a barbed cannula (ie, 9% with a barbed cannula vs 4% with a smooth cannula). Therefore, barbed cannulae may be superior not only for stromal-cell capture but also for facilitating ASC release from fat lobules.
Cell-assisted lipotransfer is a promising method to enrich a fat graft with ASCs before transplantation. ASCs per gram of adipose tissue). However, the Celution system concentrates cells to a final volume of 5 mL from a fat-processing volume of 360 mL, thus enabling preparation of up to 7 × 10 6 cells per mL; these cells can be directly administered to the patient or combined with fat to prepare an SVF-enriched sample. 39 We also characterized hematopoietic populations in centrifuged adipose tissue obtained with both cannulae. Hematopoietic cells comprised mostly lymphocytes, monocytes/dendritic cells, and macrophages. These cells were enriched in the HD fractions of all samples and were not stratified by cannula type. Although their involvement in chronic inflammation has been well established, hematopoietic cells (specifically monocytes and macrophages) also play an important role in tissue remodeling and repair. Navarro et al 28 detected the expression of CD206 to differentiate circulating and tissue-resident monocytes and macrophages. We found that the quantity of CD206+ monocytes/dendritic cells and macrophages was significantly greater in HD fractions. Several investigators 29, 42 have demonstrated that these CD206+ cells share characteristics with ASCs and could differentiate into adipocytes as well as fully functional vascular endothelial cells that promote angiogenesis in a paracrine manner.
Neovascularization is essential for fat-graft retention. The presence of sufficient nonendothelial cells with proangiogenic properties could be vital for perfusion and survival of transplanted fat. The endothelial and platelet cell marker CD31 can be expressed by proangiogenic hematopoietic cells of the bone marrow and circulation. 32 These myeloid-lineage cells are capable of directly forming vascular-like structures in vitro and function as accessory cells in vivo, supporting endothelial cells in the formation of vasculature. 31 To our knowledge, the proregenerative potential of these cells in adipose tissue has never been examined. Thus, by determining the levels of CD31 expression among distinct hematopoietic cells in lipoaspirates, we have established a baseline for subsequent functional studies addressing the role of fat-resident myeloid cells in angiogenesis and graft survival.
Study Limitations
A major limitation of our study was the small sample size (5 patients). Hence, the statistical power might have been insufficient to ascertain differences among cell populations represented at low frequencies and/or with high variability. Despite the small sample size, we detected significant density-and cannula-specific differences in major cell subpopulations (such as ASCs and CD3+ T lymphocytes) and in minor subpopulations (such as myeloid CD14+ cells). We expect that findings from subsequent larger studies will confirm our results and may enable detection of more subtle differences, such as those involving scarce or variable cell subsets.
CONCLUSIONS
We applied polychromatic flow cytometry to detect and enumerate cells of the SVF, including ASCs, in processed lipoaspirates. We demonstrated that liposuction with a barbed cannula, followed by centrifugation and recovery of the HD fraction of adipose tissue, yields naturally ASC-enriched fat. This technique may be applied for regenerative or reconstructive fat transplantation to optimize graft survival without manipulations (eg, enzymatic digestion or mechanical filtration) that may be restricted by the health authorities of most countries. We recommend that a barbed cannula be utilized for liposuction prior to autologous fat transfer; this instrument enables recovery of a homogenized lipoaspirate enriched in ASCs and monocytes without diminishing the viability of SVF cells. The resulting adipose tissue can be easily reinjected with small-caliber needles, facilitating homogeneous distribution of fat. By delivering fat enriched with ASCs and monocytes, adipogenesis and angiogenesis may be promoted at the recipient site, favoring survival and persistence of the fat graft.
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